The conformational isomerization dynamics of melatonin and 5-methoxy N-acetyltryptophan methyl amide ͑5-methoxy NATMA͒ have been studied using the methods of IR-UV hole-filling spectroscopy and IR-induced population transfer spectroscopy. Using these techniques, single conformers of melatonin were excited via a well-defined NH stretch fundamental with an IR pump laser. This excess energy was used to drive conformational isomerization. By carrying out the infrared excitation early in a supersonic expansion, the excited molecules were re-cooled into their zero-point levels, partially re-filling the hole created in the ground state population of the excited conformer, and creating gains in population of the other conformers. These changes in population were detected using laser-induced fluorescence downstream in the expansion via an UV probe laser. The isomerization quantum yields for melatonin show some conformation specificity but no hint of vibrational mode specificity. In 5-methoxy NATMA, no isomerization was observed out of the single conformational well populated in the expansion in the absence of the infrared excitation. In order to study the dependence of the isomerization on the cooling rate, the experimental arrangement was modified so that faster cooling conditions could be studied. In this arrangement, the pump and probe lasers were overlapped in space in the high density region of the expansion, and the time dependence of the zero-point level populations of the conformers was probed following selective excitation of a single conformation. The analysis needed to extract isomerization quantum yields from the timing scans was developed and applied to the melatonin timing scans. Comparison between the frequency and time domain isomerization quantum yields under identical experimental conditions produced similar results. Under fast cooling conditions, the product quantum yields were shifted from their values under standard conditions. The results for melatonin are compared with those for N-acetyl tryptophan methyl amide.
I. INTRODUCTION
Most molecules of biological significance have many flexible degrees of freedom. Under conditions of thermal equilibrium, this conformational flexibility produces ultraviolet and infrared spectra that are a Boltzmann-weighted sum of the spectra from each of the contributing conformational isomers. [1] [2] [3] Recent studies in the gas phase have sought to probe the conformational preferences of the isolated molecules free from solvent effects and to obtain the spectroscopic signatures of the individual conformations. In most cases, this is accomplished by ͑i͒ cooling the sample in a supersonic expansion ͑to freeze the conformational population into their zero-point levels and resolve their optical absorptions͒ and ͑ii͒ using double resonance hole-burning methods to record infrared and ultraviolet spectra of single conformations free from interference from one another. 1,4 -14 This foundation of conformation-specific infrared spectroscopy has opened the way for new types of studies of the dynamics of conformational isomerization. Our group has recently developed the techniques of hole-filling spectroscopy ͑HFS͒, and IR-induced population transfer spectroscopy ͑IR-PTS͒ for this purpose. 7, 15 These methods utilize a cool-pump-cool-probe sequence that investigates conformational isomerization following selective excitation of a single conformation in well-defined XH stretch fundamentals. By carrying out the infrared excitation early in a supersonic expansion, selective excitation above the barrier͑s͒ to conformational isomerization is followed by fast collisional cooling in the supersonic expansion back into the original conformational zero-point level or into new conformations following isomerization. The population changes induced by the infrared excitation are then detected in laser-induced fluorescence. The method's use of collisions to study dynamics bears some resemblance to the chemical timing experiments of Parmenter and co-workers. 16 -20 The first molecules chosen for study by these methods were N-acetyl tryptophan methyl amide ͑NATMA͒ and N-acetyl tryptophan amide ͑NATA͒, which are doubly and singly methyl capped dipeptides, respectively. 7, 15 In that work, methods were developed for extracting conformational isomerization quantum yields following selective excitation of each of the amide NH stretch fundamentals of the populated conformations. These quantum yields depended to some degree on the conformation excited, and even showed hints of vibrational mode selectivity ͑following excitation of the H-bonded or ''free'' NH stretches in the intramolecularly H-bonded conformer͒. The results stimulated theoretical studies, 21 which sought to explore the time scales for isomerization, identify the dominant isomerization pathways, and probe the dependence of the quantum yields on the rate of cooling and energy of excitation.
The demonstrated ability of the method to determine the isomerization product quantum yields on a conformationand state-specific basis begs for similar studies that systematically vary the size of the flexible molecule, its number of flexible sites, the nature of the flexible sites and their connectivity, the energy of excitation, and the time scale for cooling.
In the present paper, we present results on two molecules that share certain structural similarities with NATMA; namely, melatonin and 5-methoxy NATMA.
There are several reasons for the choice of melatonin for study by these methods.
͑1͒ While melatonin is only slightly smaller in size than NATMA ͑by three atoms͒, it possesses two flexible side chains rather than one: the N-acetyl ethylamine side-chain at the 3-position on indole and the methoxy group at the 5-position. This change in structure will effect the connectivity and reduces the complexity of the pathways to isomerization on the potential energy surface.
͑2͒ Melatonin only has a single amide group attached to the ␣-carbon, rather than the two groups present in the dipeptide NATMA. This changes the heights of the barriers to isomerization quite substantially ͑estimated to be about 3 kcal/mol in melatonin relative to 5-6 kcal/mol in NATMA͒.
͑3͒ The infrared and ultraviolet spectroscopy of melatonin have been studied in some detail previously. 6 As a result, its conformational preferences and single-conformation spectroscopy are reasonably well understood, providing a foundation for the present work.
͑4͒ Melatonin provides a first illustration of the way in which the hole-filling methods can be used to explore conformational subspaces on the potential energy surface. For example, the five conformational isomers observed for melatonin divide into two families: trans-amide ͑three dominant conformers͒ and cis-amide ͑two minor conformers͒. 6 As we shall see, while isomerization between the trans-amide conformational isomers is efficient, there is no evidence that cis-trans isomerization occurs. This is a simple consequence of the high barrier to cis-trans isomerization ͑15-20 kcal/ mol͒, which is not exceeded during the infrared excitation ͑10 kcal/mol͒.
͑5͒ The large fluorescence signals observed for melatonin make it possible to search for faster cooling conditions in which the isomerization quantum yields could be changed by cooling more quickly. In the present study this exploration takes the form of changing the collision rate with helium. The alternative, namely, changing the collisional partner, was not probed because the fast cooling conditions used also led to formation of melatonin-rare gas clusters whenever a seed gas other than helium was used.
͑6͒ Finally, as a part of our efforts to expand the capabilities of the hole-filling methods for studying state-specific conformational isomerization, we have devised a new method for extracting IR-induced conformational isomerization quantum yields under fast-cooling conditions. This method involves scanning the time delay between the infrared excitation and ultraviolet detection laser pulses with the two laser beams overlapped in space. With the method, collisional cooling conditions are achieved in which the majority of the infrared-excited population is cooled back to the zero-point level within 50-100 ns, nearly an order-ofmagnitude faster than previously. The new experimental protocol and its accompanying data analysis are discussed in some detail.
The analogous studies on 5-methoxy-NATMA provide an important further test of the experimental methods. The molecule is in many ways a straightforward extension from NATMA, differing only in the addition of the 5-methoxy group to the latter molecule. From an experimental standpoint, this addition has the advantage of lowering the S 0 -S 1 origin transition by approximately 2500 wavenumbers, and was therefore anticipated to remove complications from nearby excited states that produced broadening in the ultraviolet spectra of certain conformations of NATMA and NATA. 5 As we shall see shortly, in practice the addition of the methoxy group changed the number of conformational isomers observed downstream in the expansion from three in NATMA to one in 5-methoxy-NATMA. For our purposes here, this molecule retains the same conformational complexity as NATMA, and has the same minima lurking not far above the observed global minimum, but has all its population residing in the global minimum in the absence of infrared excitation. 5-methoxy-NATMA thus provides a particularly well-suited circumstance for searches for the formation of new conformational minima in the unusual fast cooling environment of the hole-filling experiment. However, in neither melatonin nor 5-methoxy-NATMA have these searches been able to detect measurable population in new conformational minima. In addition, the dominance of a single conformation is useful when studying the vibrational cooling process without the complications of isomerization.
II. OVERVIEW OF THE SPECTROSCOPY OF MELATONIN AND 5-METHOXY NATMA
The essential elements of the spectroscopy of melatonin and 5-methoxy NATMA as discussed in this work are presented here. A complete description of the spectroscopy of melatonin is given elsewhere, 6 as are the techniques used to record the single conformer infrared spectra of both melatonin and 5-methoxy NATMA. A. Melatonin Figure 1͑a͒ shows the laser-induced fluorescence ͑LIF͒ spectrum for melatonin in the S 1 ←S 0 region. The LIF spectrum is dominated by several strong transitions in this region, which have been labeled A-C, as well as two minor features labeled D and E. UV-UV hole-burning spectroscopy ͑not shown͒ has identified each of these peaks as unique S 1 ←S 0 origin due to a different conformer of melatonin. Figure 1͑b͒ shows the fluorescence dip infrared ͑FDIR͒ spectra taken with the UV laser fixed at each conformational origin in Fig. 1͑a͒ . The structures of the conformations assigned to transitions A-E are shown as insets in Fig. 1͑b͒ . The spectra cover the range from 3400 to 3600 cm Ϫ1 , which include the amide NH and indole NH stretch fundamentals of each conformer. Conformers A-C have amide NH stretch fundamentals in the 3480-3495 cm Ϫ1 range characteristic of trans-amides, while those for D and E are below 3450 cm
Ϫ1
, and are assigned to cis-amide conformations. The infrared spectra of the conformers of melatonin in the CH stretching region ͑not shown͒ are consistent with the methoxy group being in the anti position with respect to the indole NH. Assignment to specific conformational isomers was made based on a number of pieces of evidence detailed elsewhere. 6 While these assignments must be considered somewhat tentative, the conformational isomerization dynamics experiments described here do not rely directly on any specific assignment, but instead take advantage of selective infrared excitation made possible by the spectroscopic studies.
B. 5-methoxy NATMA
The ultraviolet and infrared spectroscopy of 5-methoxy NATMA has not been explored previously. Figure 2͑a͒ shows the LIF spectrum of 5-methoxy NATMA around its S 1 ←S 0 UV transition. Apart from several small features ascribable to a thermal decomposition product, all of the vibronic structure present in the spectrum of Fig. 2͑a͒ can be assigned to a single conformational isomer by IR-UV holeburning spectroscopy ͑not shown͒. The thermal decomposition product is analogous to that found in NATMA ͑involv-ing cyclization of the dipeptide backbone following loss of H2O͒, 5 as confirmed by infrared spectroscopy. The S 1 ←S 0 origin is located at 32 494 cm Ϫ1 in the LIF spectrum. This spectrum has dense vibronic structure to the blue of the origin involving several low frequency vibrational modes. The transitions marked with asterisks at 32 450 and 32 514 cm Ϫ1 arise from 5-methoxy NATMA-(H 2 O) 1 and 5-methoxy NATMA-He complexes, respectively. 5-methoxy NATMA was initially chosen as a candidate for HFS because it was a close analog of NATMA that promised to address an important complication that arose in that work. One of the conformers of NATMA ͓assigned to an intramolecularly H-bonded C7 eq (⌽ P) conformation 5 ͔ possessed a LIF spectrum that was broad and congested, thereby appearing as a ''background'' underneath the sharp transitions due to the other conformers. In these earlier studies, evidence was presented that suggested that this broad, congested spectrum resulted from a conformation-specific lowering of the 1 L a state relative to 1 L b . In melatonin, methoxy substitution in the 5-position lowered the 1 L b origin by more than 2000 cm Ϫ1 , and produced only sharp transitions in all five conformers. By making a similar 5-methoxy substitution on NATMA, we anticipated formation of the same three conformers as in NATMA, but with all three conformers having sharp LIF spectra. However, as we have just seen, all the population of 5-methoxy-NATMA resides in a single conformation downstream in the expansion, highlighting the sensitivity of conformational populations to substitution even at positions remote from the flexible sites in the molecule. Figure 2͑b͒ shows the experimental FDIR spectrum of the single observed conformation of 5-methoxy NATMA, taken over the hydride stretch region of the infrared ͑2800-3600 cm Ϫ1 ͒ with the probe laser fixed at 32 494 cm Ϫ1 , the S 1 -S 0 origin of the conformer. The NH stretch region ͑3300-3600 cm Ϫ1 ͒ is indicative of a C5 structure with no intramolecular H bonds, with and -NH stretches that appear between 3420 and 3470 cm
Ϫ1
. Density functional theory calculations were carried out on a number of the low energy structures of 5-methoxy NATMA using the B3LYP functional 22 with a 6-31ϩG* basis set 23 in the GAUSSIAN 98 suite of programs. 24 Interestingly, the optimized structures show significant changes in the relative energies of the conformers compared to NATMA. In particular, the C5͑AP͒/anti structure, shown as an inset in Fig. 2͑a͒ , was more than 1 kcal/mol lower in energy than all other structures ͑ZPE corrected͒. The harmonic vibrational frequency calculations for this structure are consistent with the assignment of the IR spectrum to this structure. Based on the calculated energetics and frequencies, and on the previously reported results of NATMA, we assign this structure as the observed conformer of 5-methoxy NATMA.
III. EXPERIMENT
The experimental methods of IR-UV hole-filling spectroscopy and IR-induced population transfer spectroscopy have been described in detail elsewhere. 7 Much of the initial work on melatonin and 5-methoxy NATMA used these methods under the ''standard'' conditions in which infrared excitation and UV detection laser beams are separated from one another in the expansion, with infrared excitation occurring in the collisional region of the expansion, as shown schematically in Figs. 3͑a͒ and 3͑b͒ .
Solid samples of melatonin and 5-methoxy NATMA were resistively heated to approximately 200 and 190°C, respectively. Samples were entrained in a He gas flow initially at a backing pressure of 5 bar. These backing pressures were varied as outlined in the following. Samples were expanded into a vacuum chamber pumped by a roots blower ͑Leybold, WS-1001͒ using a pulsed valve ͑General Valve, Series 9, 0.80 mm orifice͒. The supersonic expansion cooled the molecules into the zero point levels of the conformations. Total flow rates of 100-150 sccm were used. These high flow rates were necessary when 5-methoxy NATMA was used as they were found to retard thermal decomposition behind the nozzle.
The infrared output of a Nd:YAG pumped infrared parametric converter ͑LaserVision͒ crossed the expansion 1.5-3 nozzle diameters downstream from the expansion orifice ͑i.e., x/Dϭ1.5-3). The infrared beam was focused with a 50 cm focal length CaF 2 lens resulting in a final beam diameter of slightly less than 1 mm. Quantitative measurements under these conditions were usually taken with the infrared beam at x/Dϭ2.5. The doubled output of a Nd:YAGpumped dye laser was used for LIF detection. The central portion of the UV beam ͑ϳ2 mm diameter͒ was selected for passage through the vacuum chamber, which was then focused with a 70 cm focal length S1UV lens resulting in a final beam diameter of about 0.75 mm inside the vacuum chamber detection region.
In order to detect only the changes induced by the infrared laser, the difference in fluorescence signal was recorded using the active baseline subtraction mode of our gated integrator ͑SRS 250͒. The infrared laser ͑10 Hz͒ was pulsed every other time the UV laser fires ͑20 Hz͒. A negative ͑posi-tive͒ signal indicated a depletion ͑gain͒ in the fluorescence signal. In hole-filling spectroscopy, the infrared laser was fixed at an infrared wavelength where selective excitation can occur, while the UV laser was tuned. Hole-filling scans probe where the population goes following selective infrared excitation. In IR-induced population transfer spectroscopy, FIG. 3 . Schematic spatial and timing diagrams of the laser beams in the IR-PTS frequency-domain method ͑a͒, ͑b͒ and the time-domain method ͑c͒, ͑d͒. In the former, the laser beams are spatially separated by approximately 4 mm, and temporally separated by approximately 2s. Under these conditions, either the pump or probe beams are tuned in frequency depending on the desired experiment. Under the time-domain method, both laser beams are spatially overlapped and fixed in frequency while the timing between the lasers is varied.
the infrared source was tuned, while monitoring the population of a given conformation in the ultraviolet. IR-PTS scans monitor the fractional change in population induced in a given conformation's population as a function of infrared excitation frequency. ''Upstream FDIR'' spectra are used in quantitative measurements to determine the fractional population excited by the infrared. To record these spectra, the UV beam was overlapped with the infrared beam in the collisional region of the expansion with the delay time between the IR and UV lasers fixed at 10 ns. The UV laser was fixed to the electronic origin of the conformer of interest while the IR laser is tuned over the NH-stretching region.
Experiments were also carried out using expansion conditions that facilitated fast cooling following infrared excitation. In that case, the infrared and ultraviolet lasers were overlapped in the collisional region of the expansion, and the fluorescence depletion or gain was recorded as a function of delay time between the infrared laser pulse used to initiate conformational isomerization and the ultraviolet laser pulse used for conformation-specific detection ͓Figs. 3͑c͒ and 3͑d͔͒. Details of the experimental method used in this case, and the methods for extracting isomerization quantum yields from such scans will be given in Sec. IV. Figure 4 shows two hole filling spectra for melatonin, pumping the amide-NH stretch fundamental of the transamide conformers A and B. Figure 4͑a͒ shows the holefilling results while pumping conformer A at 3480 cm Ϫ1 in the infrared and scanning the UV probe beam over the melatonin origin region. Several conclusions can be readily drawn from this spectrum. First, conformational isomerization is efficient between the trans-amide isomers. Clear gain signal occurs at both the B and C origin transitions at 32 621 and 32 795 cm Ϫ1 , respectively. Second, no gain signal is observed at the cis-amide origin transitions. The region of the spectrum from 32 420 to 32 500 cm Ϫ1 has been multiplied by 50 times and is shown as an inset, where dotted lines mark the location of the D and E electronic origin at 32 483 and 32 432 cm Ϫ1 , respectively. Identical results were obtained when conformers B and C were pumped at their amide-NH stretch fundamentals at 3495 and 3482 cm Ϫ1 , respectively. The result for conformer B is shown in Fig. 4͑b͒ where it is again clear that population can be efficiently moved between the trans-amide conformers, but the corresponding gain signal is absent from the cis-amide conformations. Figure 5 presents the population transfer spectra for all five conformers of melatonin. These spectra are taken by scanning the IR-pump laser over the NH stretch region, while fixing the UV probe to a specific conformational electronic origin. Again, it is clear from these spectra that the infrared laser does not drive any cis-trans isomerization. It is also evident that while no isomerization occurs between these wells, the IR excitation induces efficient isomerization between the cis-amide structures and between the transamide structures. Thus, within the context of the present experiment, melatonin has two noninteracting families of conformers, isolated from one another by the large barrier to cis/trans isomerization of the amide bond.
IV. RESULTS

A. Hole-filling spectroscopy of melatonin
From the spectra shown in Fig. 5 it is clear that isomerization can occur when either the amide or indole NH fundamentals are pumped. In NATMA and NATA, the indole NH stretches of distinct conformers are overlapped, making it impossible to determine isomerization quantum yields out of the indole NH stretch fundamental. 7 Melatonin presents an interesting case where the indole NH stretch fundamentals are shifted slightly within the trans-amide basin so it is possible to make a quantitative determination of isomerization efficiencies following selective excitation of this vibration in individual conformations. It is also clear from Fig. 5͑c͒ that the amide NH stretches of conformers A and C are nearly overlapped at 3480 cm Ϫ1 . Because there is such a large difference in the populations of A and C, this overlap limits our ability to determine isomerization quantum yields following excitation of conformer C.
By using the population transfer and upstream FDIR spectra, isomerization quantum yields can be extracted in a procedure identical to that used for NATMA and NATA. 7 Ideally we would like to extract both the trans-amide and cis-amide quantum yields, however the weak transitions of the cis-amide conformers do not allow us to draw any quan- FIG. 4 . Hole-filling spectra taken over the melatonin S 1 ←S 0 origin region. The infrared laser is fixed to a particular NH stretch fundamental of a unique conformation of melatonin while the UV laser is scanned in frequency. ͑a͒ The infrared laser is fixed to the amide NH stretch of conformer A at 3480 cm
Ϫ1
. ͑b͒ The infrared laser is fixed to the amide NH stretch of conformer B at 3495 cm Ϫ1 . Insets to ͑a͒ and ͑b͒ show the cis-amide conformer region multiplied by 50 times, proving there is no IR-induced isomerization of the trans population into the cis conformers.
titative conclusions about the isomerization of the cis-amide conformers or the size of the relative populations of these species.
B. Extracting isomerization quantum yields for melatonin under ''standard'' conditions
The method for extraction of quantum yields for melatonin is identical to the method used for NATMA and NATA. 7 The upper traces in Figs. 6͑a͒-6͑c͒ present the population transfer spectra for the trans-amide conformers A-C. The calculated best fit to the data is shown as dashed curves overlaying the population transfer spectra. The corresponding ''upstream FDIR'' spectra of each of the conformers are also included, offset just below the corresponding IR-PTS scan. All population transfer and upstream FDIR spectra shown in Figs. 6͑a͒-6͑c͒ were taken under the ''standard'' conditions ( P 0 ϭ5 bar, 4 mm between laser beams, IR beam at x/Dϭ2.5 from the pulsed valve orifice͒ used for NATMA and NATA.
In order to extract isomerization quantum yields for a particular NH stretch fundamental of one of the trans-amide conformations of melatonin, four pieces of information are needed: the intensities of the bands in each of the three population transfer spectra, and the upstream FDIR spectrum of the excited conformation. For the trans-amide conformations, the hole-filling equations are: 
͑1͒
In these equations, I n PT ( ) and I n FDIR,up ( ) represent the intensities of the population transfer spectra and upstream FDIR spectra of conformer ''n'' at a given frequency, ⌽ XY (i) is the quantum yield for conformer X isomerizing to conformer Y following excitation of IR transition i, and F X dn is the fractional population of conformer X downstream in the expansion. The factor ␥ is the ratio of the upstream to downstream overlap functions for the UV probe laser with the IR-excited molecules. Under optimized conditions, ␥ϭ1. Experimental determination of the fractional populations of the conformers in the absence of infrared excitation follows from requiring that the population-weighted sum of the population transfer spectra yield zero net population transfer at all frequencies, that is:
follows directly from conservation of molecules in the isomerization; that is, ⌬N tot ϭ⌬N A ϩ⌬N B ϩ⌬N C ϭ0.
For the trans-amide conformers of melatonin, the weighted sum that best fulfills this criterion is shown in Fig. 6͑d͒ , leading to the fractional populations in Table I . Substitution of Eq. ͑2͒ into Eq. ͑1͒ leads to the equivalent criterion that the sum of the quantum yields for three interconverting species must equal one for each of the transitions; that is,
Therefore, by requiring the weighted sum of the population transfer spectra to equal zero at all wavelengths, we are simultaneously requiring that the sum of population transfer quantum yields equal one. Because this weighted sum is equal to zero at all frequencies, we can be confident that all of the excited population is collected into one of these three minima. If infrared excitation were able to form new conformations, or drive isomerization to the cis-amide well, these three spectra would no longer sum to zero, since they would not account for the complete population distribution involved in isomerization. This can be taken as further evidence for the lack of cis-trans isomerization. All of the hydride stretch fundamentals for melatonin were fit to a Gaussian function of the following form:
The intensities from these fitting functions were then used in Eq. ͑1͒ to extract population transfer quantum yields. The fitting routine not only fits the peak intensities, but also deconvolves the spectra in regions where overlapped NH stretch bands occur. Following this deconvolution, the holefilling equations for NH stretch ''i'' of conformer A are reduced to
The analogous equations for absorption ''j'' of conformer ''B'' are
And finally, absorption ''k'' of conformer ''C'' is governed by
Error analysis is carried out using the sum of the 2 for the best fits to each population transfer spectrum, min,tot 2 , to establish a max,tot 2 consistent with a one-standard deviation error. 25 By stepping along three constant-yield lines from the center point, errors on the band intensities are obtained when max 2 is exceeded. By propagating the errors on these intensities through the quantum yield formulas of Eqs. ͑5͒-͑7͒, including the error on the upstream FDIR spectrum, errors on the quantum yields are obtained. The present study could not determine these quantum yields. See the text for further details.
C. Fractional population distributions of melatonin
From the weighted-sum spectrum in Fig. 6͑d͒ , the fractional populations for the trans-amide conformations of melatonin were found to be F A dn ϭ0.71, F B dn ϭ0.25, and F C dn ϭ0.04. Because of the high signal-to-noise ratio of the population transfer spectra, the one sigma error bars for these numbers are only Ϯ0.01. However, it should be noted that these abundances are relevant to the expansion conditions used for the population transfer spectra of Fig. 6 . In melatonin, the downstream population of conformer C is particularly sensitive to the expansion conditions used. This translates into changes in the fractional populations extracted from the population transfer spectra. In fact, by varying backing gas conditions ͑either by changing to 70% neon/ 30% helium expansion mixture or by increasing the stagnation pressure of the backing gas͒, the population of conformer C can vary from 10% to near zero at the same nozzle temperature.
No matter what the expansion conditions, conformer A dominates the population distribution, and is about three times that of conformer B. This population distribution reflects the distribution of the trans-isomers only, and disregards the approximately 3%-5% of the total population that resides in the cis-amide conformers ͑based on LIF intensities͒. 6 Unless isomerization can be driven between the cis-and trans-amide wells, there is no way to determine the relative populations of these two groups by the hole filling method.
D. Population transfer quantum yields for melatonin
The population transfer quantum yields for melatonin are given in Table I . The isomerization quantum yields ⌽ IJ for melatonin specify the fractional abundances of the three conformers JϭA, B, and C produced by excitation of conformation I in either the amide or indole NH stretch fundamental. Table I does not include entries for the ⌽ CA or ⌽ CB quantum yields. As one can see from Table I and Fig. 6 , both the amide NH stretch and indole NH stretch fundamentals of conformation C are substantially overlapped with the corresponding bands due to A. Due to the small population of conformer C ͑ϳ4% of the trans-amide population͒, the population transfer spectra of B and C ͓Figs. 6͑a͒ and 6͑b͔͒ are dominated by the absorptions due to A in these overlapped regions. Figure 6͑c͒ does display a small dip due to the amide NH stretch fundamental of conformer C that is not overlapped with that due to A at 3481 cm
Ϫ1
. This, together with the ''divit'' in the gain spectrum in the indole NH region at 3525 cm Ϫ1 can be used to place limits on the efficiency of the isomerization out of C for both of these stretches. Based on this evidence, the population transfer quantum yields for re-cooling into conformation C, ⌽ CC , is estimated to be somewhere in the range ⌽ CC ϭ0.00-0.30.
While a general discussion of the isomerization quantum yields of melatonin is deferred to Sec. V, a brief summary is given here in order to motivate what follows. The four sets of complete isomerization quantum yields in Table I are quite similar to one another, showing only slight indications of conformation specificity and no hint of vibrational mode specificity. We surmise on this basis that we are near the ''slow cooling'' limit in which the same isomerization quantum yields are achieved no matter which conformation is excited and where. The theoretical modeling of Evans et al. predicted that isomerization quantum yields can be changed significantly as the cooling rate begins to compete with the timescale for isomerization. 21 To that end, the following sections describe experiments designed to explore the vibrational cooling process and its influence on isomerization.
E. Timing scans: Cooling efficiency and the extraction of quantum yields
In our previous studies of NATMA and NATA, 7, 21 we carried out a series of scans in which the spatial separation ͑and hence time delay͒ between the IR and UV lasers was systematically varied in order to determine the time scale for cooling back into the zero-point level following infrared excitation. From such scans, it was determined that it took about 900 ns for the entire excited population to cool back into the zero-point level under the ''standard'' cooling conditions used to extract quantum yields.
The timing scans of Fig. 7͑a͒ provide an alternative way of viewing the collisional cooling. Here, the infrared and ultraviolet laser beams are overlapped in space at x/Dϭ2, ͑Fig. 3c͒ and the delay between the infrared and ultraviolet lasers is scanned. For these timing scans, a nozzle with zoom dia-orifice was chosen in order to increase the accuracy with which the x/D position could be set. The two traces result from exciting conformer B at 3495 cm Ϫ1 in the infrared, while detecting the populations in conformer B ͑lower trace͒ or conformer C ͑upper trace͒ by fixing the UV laser on the S 1 -S 0 origin for that conformer. The change in population induced by the infrared laser is then monitored using active baseline subtraction. As expected, immediately after firing the infrared laser, the zero-point level population of conformer B is decreased. The magnitude of the depletion signal is constant for a period of about 200 ns before the population begins to recover back to its initial value. This population FIG. 7 . Timing scans that vary the delay between the IR pump and UV probe laser for melatonin. All scans are taken at a helium backing pressure of 5 bar and ͑a͒ x/Dϭ2, ͑b͒ x/Dϭ1. Note that the dip in B begins to fill in when the gain in C begins to appear, indicating that population is beginning to reach the zero-point levels on the ͑a͒ 200 ns to ͑b͒ 60 ns timescale. See the text for details.
recovery could result either from collisional cooling of the population back into the zero-point level of B or from movement of the IR-pumped molecules out of the region probed by the UV laser. These two possibilities can be distinguished from the upper trace, which monitors the zero-point level population of conformer C following isomerization from B to C. In keeping with the plateau in the depletion of conformer B, there is no gain in the population of conformer C for about 200 ns, at which point its population begins to rise just where the depletion of conformer B begins to decrease. Therefore, in this early time regime we are viewing the collisional cooling of the population into the zero-point levels of ''reactant'' B and ''product'' C. By 400 ns, there is a plateau in the population gain of conformer C, followed by a slow decrease back to zero at around 1 s. Clearly, this long-time decay is due to loss of overlap of the IR-excited molecules with the UV probe volume.
This general picture is confirmed by the scans at x/D ϭ1 in Fig. 7͑b͒ . By moving into a denser part of the expansion, the collision frequency is increased dramatically. Despite the warmer temperatures that accompany these close-in conditions, the majority of the population nevertheless resides in the zero-point levels of the conformations, as confirmed by LIF scans taken at that position ͑not shown͒. The timing scans reflect a faster cooling rate, in which the gain in conformer C ͑upper trace͒ begins only 50 ns after infrared excitation, and the plateau in its population is achieved within 200 ns. At the same time, the plateau in the depletion of conformer B is almost gone, as filling in begins within 50 ns.
This tantalizing result suggests the possibility of doing the entire hole-filling experiment within the overlapped volume of the two lasers; that is, vibrationally excite, cool to the zero-point level, and probe all within a few hundred nanoseconds. This would enable us to explore the effect of an increased cooling rate on the isomerization quantum yields. Additionally, it provides a venue in which to study the cooling dynamics of large, flexible biomolecules in a supersonic expansion.
5-methoxy NATMA: Cooling in the absence of isomerization
In order to explore the vibrational cooling dynamics without the complication of conformational isomerization, an analogous set of experiments were carried out on 5-methoxy-NATMA. Figure 8 shows the timing scans for 5-methoxy NATMA under various expansion conditions. Here, the -amide NH stretching mode at 3440 cm Ϫ1 is pumped while the electronic S 1 -S 0 origin is probed at 32 495 cm Ϫ1 . Figure  8͑a͒ shows the cooling rates at 5 bar and various x/D, while Fig. 8͑b͒ shows the corresponding data at 11 bar. Several conclusions can be drawn directly from these traces. First, under all conditions there is complete filling in at long times. This is consistent with 5-methoxy NATMA having only one conformation present in the expansion. Second, the shapes of the decay profiles change dramatically with x/D. The decay profiles at the largest distance from the nozzle (x/Dϭ7) are essentially maps of the overlap in the detection volume, that is, the drop off in intensity for these traces is due primarily to the infrared excited molecules moving outside of the detection volume of the probe laser. The evidence for this can be seen in the different shapes of the decay profiles at long and short x/D. Third, varying the x/D distance has a much more dramatic effect than varying the backing pressure. Based on the calculations of Lubman et al. 26 changing from x/Dϭ1 to x/Dϭ2 under these expansion conditions changes the rate of collisions by a factor of 8, while varying the backing pressure from 5 to 11 bar changes the rate of collisions by a factor of 2.2.
Because there is only a single conformation in the expansion, these timing scans directly measure the rate of cooling back into the zero-point level following infrared excitation. The decay profile is roughly exponential and can be used to extract a lifetime for the population losing its entire 3500 cm Ϫ1 of excitation energy and returning to the zero point level. Under the fastest cooling conditions (x/Dϭ1, 11 bar͒, this lifetime is only 50 ns. This fast cooling has the possibility of competing with isomerization in molecules with more than one conformation. While cooling to the zeropoint level occurs on the 50 ns time scale, cooling below barriers to isomerization certainly occurs on much shorter time scales. Such dramatic changes in the collision conditions could provide a way to experimentally ''tune'' the isomerization quantum yields. Figure 9 shows a series of timing scans for melatonin. These scans were recorded by fixing the IR-pump laser at the amide NH stretch of conformer B at 3495 cm tween the two lasers. The result of these scans produces a depletion of fluorescence signal when the excited species is probed ͑shown as a negative going trace͒, and a gain in fluorescence signal when monitoring the other two conformations ͑shown as positive going traces͒. Both Figs. 9͑a͒ and 9͑b͒ were taken at x/Dϭ2, with a stagnation pressure of 11 bar ͓Fig. 9͑a͔͒ or 16 bar ͓Fig. 9͑b͔͒. One of the complications of the timing scans is that their interpretation is made difficult whenever the infrared excitation is nonselective. Under such conditions, dip and gain signals compete with one another, leading to complicated timing profiles that are not easy to deconvolve. For this reason we have focused on the amide NH stretch of conformer B of melatonin at 3495 cm Ϫ1 , since it is the only peak in the NH stretching region that is completely free from spectral congestion.
Melatonin: Changing the population transfer quantum yields
These timing scans are directly comparable to those shown for 5-methoxy NATMA; however, unlike 5-methoxy NATMA, isomerization occurs after excitation of melatonin. Based on the timing scans of 5-methoxy-NATMA in Fig.  8͑b͒ , cooling back to the zero-point levels should be complete within 200 ns or faster. As a result, one might anticipate that the dip and gain scans would show a plateau in this region. However, these plateaus are masked to some degree by the change in overlap as the excited population moves away from the detection volume.
To map out the loss of overlap between excitation and detection volumes, a fourth scan is shown with the laser beams positioned at x/Dϭ7. At this point in the expansion, the collision rate has dropped by a factor 35 relative to the x/Dϭ2 position. As a result, there are insufficient collisions to cool the infrared excited molecules back to the zero-point level before the overlap has dropped to zero. This scan, then, effectively maps out the time-dependent overlap function in the absence of re-cooling. Clearly, the x/Dϭ7 position is not entirely collision-free. However, the 2 mm diameter of the nozzle used for these experiments made it impractical to probe even larger x/D positions (xϾ1.4 cm). Any residual cooling which contributes to the fall-off of the x/Dϭ7 scan occurs only at long times well after the x/Dϭ2 re-filling is complete.
The most striking result of the scans in Fig. 9 is that the fractional gain in the population of conformer C increases by nearly a factor of 2 in going from 11 ͑Fig. 9a͒ to 16 bar ͑Fig 9b͒. In order to examine this more quantitatively, the population transfer quantum yields need to be extracted from the timing scans. To do this, modified forms of Eqs. ͑6a͒-͑6c͒ relevant to the timing scan method were developed, and are given below:
In these equations, I B max (tϭ0) is the maximum dip in the excited conformer population, taken immediately after infrared excitation. It plays the role occupied formerly by I B FDIR,up in that it measures the fraction of conformer B's population excited by the infrared laser. The overlap factor over (t) is equivalent to ␥ in Eq. ͑1͒, which was determined previously to be a constant of value 1 when the timing between IR and UV was fixed at the point of maximum overlap. 7 In the present circumstance, this overlap factor is time-dependent, and the x/Dϭ7 ''overlap'' scan is used to determine its functional form, normalized to its tϭ0 value; that is,
Rearranging to solve for the time-dependent quantum yields leads to the following:
. IR-UV time delay scans for melatonin taken under ͑a͒ 11 bar, x/Dϭ2 and ͑b͒ 16 bar, x/Dϭ2 conditions. Both ͑a͒ and ͑b͒ contain the timing scans monitoring the three trans-amide conformers of melatoning A, B, and C, and an additional scan taken at x/Dϭ7 used to determine the movement of infrared excited species out of the UV laser beam detection volume. Note the increase in the size of the gain in C in going from 11 to 16 bar. In addition, both ͑a͒ and ͑b͒ also contain the weighted sum of the time domain dip/gain spectra used to extract the fractional abundances of the conformational populations. These scans also reveal the cooling dynamics of the infrared excited molecules. Cooling to the zero-point level occurs in approximately ͑a͒ 100 ns and ͑b͒ 50 ns. See the text for details.
Note that, since ⌽ BA ϩ⌽ BB ϩ⌽ BC ϭ1, the sum of the righthand sides of Eqs. ͑10a͒-͑10c͒ equals one. Rearranging this expression leads to
for all time t. This is the time-domain equivalent of the frequency domain expression given in Eq. ͑2͒, and can be used to determine the fractional abundances F A , F B , and F C . The resulting weighted sum of the time domain spectra using Eq. ͑11͒ is shown in Figs. 9͑a͒ and 9͑b͒ . It is evident from these traces that the summation does not go to zero at all times, nor should it, since we are monitoring the zeropoint level populations of each of the conformers. As a result, at early times, the cooling to the zero-point level is not complete and the weighted sum reflects a net loss of population. At longer times, the infrared excited molecules are cooled to their zero-point levels and the weighted sum goes properly to zero. The application of Eq. ͑11͒ to the time domain spectra has two important consequences. First, as stated earlier, it can provide the fractional populations of the conformational species in the absence of infrared excitation in a manner analogous to the frequency domain procedure ͓Eq. ͑2͔͒. Second, through Eq. ͑11͒, the isomerization and cooling dynamics are separated from one another, providing a direct measure of the cooling rate of melatonin. From these weighted-sum scans, it is clear that the cooling of melatonin to its zero-point level occurs in approximately 100 ns in the 11 bar data set ͓Fig. 9͑a͔͒, and 50 ns in the 16 bar data set ͓Fig. 9͑b͔͒.
Equation ͑11͒ imposes a less powerful constraint on the fractional abundances than its frequency-domain equivalent ͓Eq. ͑2͔͒, because the time profiles of the gain signals are similar to one another when the infrared excitation is selective. However, by choosing other infrared wavelengths where more than one conformation absorbs, the timedependent profiles of each conformer take on unique shapes that would determine the fractional abundances with similar accuracy to the frequency domain measurements. Figures 10͑a͒ and 10͑b͒ show the application of Eqs. ͑10a͒-͑10c͒ to the P 0 ϭ11 and 16 bar data, respectively. As required, the time-dependent quantum yields approach constant asymptotes that signal that re-cooling is complete. For the P 0 ϭ11 data, this asymptotic value is reached after 250 ns. At times longer than 600 ns, the approach of both the population transfer and the x/Dϭ7 signals to zero causes large fluctuations in their quotient. The quantum yields obtained from the timing scans are collected in Table II . The quantum yields extracted from the P 0 ϭ11 bar data for the 3495 cm Ϫ1 transition of B agree extremely well with the 5 bar population transfer quantum yields taken via the frequency domain scans ͑first column in Table II͒ . The corresponding data at P 0 ϭ16 bar show a clear increase in the cooling rates as the asymptotes have reached their final values at approximately 100 ns. It is this increase in the cooling rate that has complicated the extraction of the population transfer quantum yields for the 16 bar data set in the following way.
The P 0 ϭ11 bar and P 0 ϭ16 bar data were recorded under essentially identical conditions. The most striking difference between the two sets of scans is the increase in the population transferred to conformer C at the higher backing pressure. However, a close look at the timing scans for B in Fig. 9 ͑the conformer excited͒ show that, in addition, the P 0 ϭ16 bar scan has a smaller I B max (tϭ0) than the P 0 ϭ11 bar scan. The equations developed for extracting the quantum yields assumes that this tϭ0 depletion measures the fraction of the B conformer population excited by the infrared laser, and hence should not depend on the cooling conditions. A logical explanation of the change is to ascribe the decrease at P 0 ϭ16 bar to fast cooling of a portion of the conformational population of B back to its zero-point level on the time scale of the laser pulse, thus reducing its maximum value. To avoid this systematic error, we have chosen to use the P 0 ϭ11 bar conformer B scan to set the I B max (t ϭ0) value in extracting the quantum yields for P 0 ϭ16 bar. The quantum yields reported in Table II reflect this  choice. As is clear from the raw data of Fig. 9 , the undeniable result of these studies is that the quantum yields for conformational isomerization have been changed by changing the cooling rate in the expansion. The major shift is one toward formation of conformer C at the expense of the other two conformers. Different choices for I B max (tϭ0) shift the balance between B and A, but never undo this major conclusion.
V. DISCUSSION AND CONCLUSIONS
A. Locating barriers to isomerization via hole-filling methods
One of the intriguing aspects of the study of conformational isomerization in melatonin is the division of conformational population into subfamilies of cis-and trans-amide conformers. While isomerization is efficient between the trans-amide wells, no trans-cis isomerization has been detected following excitation of the NH stretch fundamentals of any of the conformers. In that case, 10 kcal/mol of energy is deposited into the molecule, which is then cooled out by collisions with the bath gas. It is clear that in melatonin, the barrier to cis-trans isomerization is greater than this energy. The experiment therefore places a lower bound on the barrier to cis-trans amide isomerization. This is not a surprising result, given the previous experimental determinations [27] [28] [29] [30] of the barrier to cis-trans amide isomerization of 15-20 kcal/mol, significantly above that gained by absorption of a single infrared photon in the NH stretch region ͑ϳ10 kcal/ mol͒. It would be interesting to pump the first overtone of the trans-amide NH stretch conformers ͑ϳ19-20 kcal/mol͒ to look for isomerization into the cis well, which has not been pursued to date. Thus, the hole-filling methods can provide experimental bounds on the barriers to isomerization in isolated, flexible biomolecules, limited only by the range of infrared excitation energies.
B. The melatonin quantum yields
Several important conclusions can be drawn from the isomerization quantum yields for melatonin listed in Table I , taken under ''standard'' cooling conditions. First, the four complete sets of quantum yields listed in Table I are quite similar to one another, and bear some resemblance to the fractional population distribution in the expansion in the absence of infrared radiation. Both of these facts indicate that, under the expansion conditions used for Figs. 5 and 6, the hole-filling experiment is approaching the ''slow cooling'' limit in which the rate of isomerization is fast compared to the cooling rate. In that circumstance, one would expect to achieve the same population distribution independent of which conformation was originally excited in which NH stretch fundamental. The fact that this distribution is close to the distribution found in the expansion in the absence of infrared excitation means that the infrared excited molecules cool in a manner similar to the thermally excited molecules that expand from the nozzle. It would appear that in melatonin, the product yields resulting from infrared excitation ͑which produces a delta function in energy at 3500 cm Ϫ1 in a single conformation͒ are similar to those from that result from cooling the Boltzmann distribution that exists behind the nozzle ͑with a pre-expansion internal energy of E ave ϳ7000 cm Ϫ1 ). Second, the distributions do show modest conformation specificity, with the quantum yields for re-cooling into the excited conformational well slightly greater when that conformation is excited. The differences are just outside the onesigma error bars, and so no strong conclusions can be drawn based on these differences.
Third, the isomerization quantum yields for excitation of the indole NH stretch and amide NH stretch fundamentals of a given conformation lie well within the one-sigma error bars; that is, there is no vibrational mode specificity observed. This is an interesting result, because one might have anticipated the possibility of vibrational mode specificity due to the very different nature of the NH stretch fundamentals excited in melatonin. While the indole NH group is incorporated into the aromatic ring, remote from the flexible side chain, the amide NH stretch is an integral part of the flexible side chain. If intramolecular vibrational redistribution ͑IVR͒ was not complete on the time scale of cooling, one might anticipate that excitation of the amide NH stretch could lead to more efficient isomerization than the indole NH stretch. However, such differences are not observed, and IVR must either ͑i͒ be complete within a given conformational well on the time scale of isomerization or ͑ii͒ not lead to differences in the product yield.
Finally, it is worthwhile to compare the results on melatonin with those on NATMA. 7, 15 The isomerization quantum yields in melatonin ͑small conformation specificity and no mode specificity͒ appear to be nearer the ''slow cooling'' limit of product equilibration than those for NATMA ͑small mode specificity and somewhat more distinct conformation specificity͒. Such differences must be traced back to differences in the complexity and connectivity of the potential energy surface. Melatonin is only slightly smaller in size than NATMA ͑by three atoms͒, but trades a simpler flexible side-chain ͑with a single amide group in the 3-position on indole͒ for the presence of a second side chain ͑methoxy͒ in the 5-position.
A cursory screening of the potential energy surface with the AMBER force field showed that melatonin has fewer low-lying minima than NATMA, and that the rate-limiting barriers separating the low lying minima are about 3 kcal/ mol rather than the 5-7 kcal/mol found for NATMA. This suggests that the ethylacetamido group is less constrained than the methyl-capped dipeptide in NATMA. Such a suggestion is strengthened by the fact that the two molecules possess a similar number of low frequency vibrational modes ͑9 below 200 cm Ϫ1 in melatonin versus 11 in NATMA͒, despite the apparently simpler flexible group in melatonin than in NATMA.
Smaller barriers to isomerization in melatonin would lead directly to faster isomerization rates in melatonin than in NATMA at the same energy of excitation. In addition, the less complex potential surface produces shorter pathways between minima. Both these features should result in faster equilibration between the conformational isomers in melatonin than in NATMA. However, in order to move beyond qualitative statements, a more rigorous assessment of the barriers to isomerization is needed both from theory and experiment. One would also hope to generate a quantitatively accurate disconnectivity diagram 31, 32 for melatonin in the near future.
C. The effect of changing the cooling rate on the isomerization quantum yields
Another focus of this work was to explore faster cooling conditions in order to learn more about the vibrational cooling process itself, and to see what its effect might be on the isomerization quantum yields. The experimental parameters at our disposal were the backing pressure in the expansion and the distance from the nozzle orifice. As stated earlier, we did not pursue a study of cooling with different backing gases because the conditions needed for complete re-cooling also produced substantial clustering with the seed gas downstream in the expansion. Under the highest backing pressure conditions ( P 0 Ͼ10 bar helium͒ when probing in a dense portion of the expansion (x/Dϭ1 -2), the time scale for cooling a majority of the infrared-excited population back into the zero-point level was about 50-100 ns. This is roughly a factor of 10 faster than the standard conditions used for the initial quantum yield measurements ͓see Fig.  8͑a͒ , 500-900 ns͔. Previous studies of vibrational deactivation 16, 32, 33 have shown that the vibrational energy lost per collision is proportional to the internal energy of the molecule over a wide range of internal energies, i.e., ⌬Eϭ•͑EϪE ZP ͒.
In the earlier study of NATMA and NATA 7, 15 we estimated the fractional energy lost per collision as ϭ0.003. A similar value for can account for the cooling rates observed in 5-methoxy NATMA and melatonin, with complete cooling requiring about 10 3 collisions. Clearly, vibrational deactivation even by helium is quite an efficient process in these large, flexible molecules. As we have suggested previously, 15 this is the likely consequence of the presence of very low frequency vibrations in the vibrationally excited molecule, which act as an efficient funnel for vibrational energy, even when helium is the collider gas. In fact, the efficient vibrational deactivation is apparent even in the absence of the infrared excitation. LIF spectra recorded in early portions of the expansion show little evidence for hot bands by the time x/Dϭ2. From such scans it is possible to estimate the vibrational temperature by comparing the intensities of a vЉ ϭ1 -vЈϭ0 hot band to that for the vЉϭ0 -vЈϭ1 transition for a vibration of known frequency. In 5-methoxy NATMA, we estimate T vib ϭ40 K at x/Dϭ1 and T vib ϭ15 K at x/D ϭ2. Interestingly, the predicted translational temperatures for the helium at these points in the expansion using standard equations yield values significantly greater than this (T trans ϭ150 K at x/Dϭ1 and T trans ϭ55 K at x/Dϭ2).
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In 5-methoxy-NATMA, these fast-cooling conditions were used to try to trap population in new conformational minima. However, the timing scans of Fig. 8 show convincing evidence that all of the population returns to the same minimum, even under the fastest cooling conditions in which the lifetime for removal of the full 3500 cm Ϫ1 of excess energy in returning to the zero-point level is only 50 ns.
In melatonin, a lesser goal was sought; namely, to change the isomerization quantum yields in those conformations that already had population in them in the absence of the infrared excitation. This goal was realized, although the size of the effect was rather modest, and the direction of change quite unexpected. The predictions of the master equation kinetic runs carried out on NATMA 21 were that increasing the cooling rate primarily served to trap population more and more efficiently in the reactant conformational well. In the melatonin timing scans following excitation of the amide NH stretch of conformer B, this would have meant an increase in ⌽ BB . However, as Table II and the raw data in Fig.  9 show, the major change induced in the products was to increase the yield of conformer C by about a factor of 2. Without further calculations of the potential energy landscape ͑both minima and transition states͒ and conformational dynamics on this landscape, it is impossible to come to a definite conclusion regarding this result. One reasonable possibility is that the route from B to A passes through C. In the presence of fast cooling conditions, population could then be trapped in C without sufficient energy to overcome the barrier to A, increasing the final product yield of C.
Finally, the present results provide a comparison with NATMA that fuels interest in further studies of this type. In melatonin, the quantum yields under standard cooling conditions approached the slow cooling limit in which the product conformations were formed with the same yields independent of which conformation was initially excited or in which NH stretch. However, this near-equilibrium result was shifted, albeit modestly, by increasing the cooling rate, and it did so in a way that was unexpected, suggesting that the cooling dynamics are beginning to probe different regions of the potential energy surface along the key pathways to specific products. In NATMA, the product quantum yields showed small but measurable conformation specificity, and perhaps a hint of vibrational mode specificity. It seems plausible that the major reason for this difference between NATMA and melatonin is simply the increased complexity of the potential energy surface present in NATMA due to its larger flexible dipeptide backbone. Both the fast cooling results on melatonin and the standard cooling results on NATMA suggest that experiments of this type may be poised to uncover more dramatic effects in molecules of even larger size.
